Introduction
============

Liver fibrosis, a chronic liver injury, is characterized by the excessive accumulation of extracellular matrix (ECM) and the distortion of normal hepatic architecture.[@b1-dddt-11-2179],[@b2-dddt-11-2179] With a persistent chronic liver injury, liver fibrosis can progress to liver cirrhosis, hepatocellular carcinoma, or even death.[@b3-dddt-11-2179],[@b4-dddt-11-2179] So liver fibrosis plays a crucial role in the development and progression of other chronic liver diseases. Therefore, it is necessary to elucidate the possible molecular mechanism underlying liver fibrosis for the sake of developing effective drugs.

It is widely recognized that activated hepatic stellate cells (HSCs) play a crucial role in the development of liver fibrosis.[@b5-dddt-11-2179]--[@b7-dddt-11-2179] HSCs are normally quiescent, but after they are activated in response to liver damage, they become proliferative and get transformed into myofibroblasts, and subsequently into synthesis and secretion of ECM.[@b8-dddt-11-2179] In addition, activated HSCs and myofibroblasts also secrete large amounts of profibrotic cytokines that exacerbate the fibrotic process through autocrine and paracrine effects.[@b9-dddt-11-2179] Although the precise mechanism of HSC activation has not been fully elucidated, current research has revealed that transforming growth factor-β (TGF-β) is the most potent profibrotic cytokine.[@b10-dddt-11-2179] TGF-β stimulates HSC activation by activating Smad and mitogen-activated protein kinases (MAPK) signaling pathways in HSCs.[@b11-dddt-11-2179]--[@b14-dddt-11-2179] Several studies have showed that the inhibition of TGF-β signaling pathways displays antifibrotic effects in experimental models.[@b15-dddt-11-2179]--[@b18-dddt-11-2179] However, an effective therapy against liver fibrosis is not yet available in clinical practice. It is well known that hepatocyte damage is the precipitating event in the progression of liver fibrosis.[@b19-dddt-11-2179] Hepatocyte damage promotes the secretion of inflammatory and profibrogenic cytokines and directly promotes HSC activation.[@b9-dddt-11-2179] Given that hepatocyte damage and HSC activation are two important factors in the development of liver fibrosis, a combination therapy approach targeting them may be more effective. Thus, we searched for a suitable pharmacology to protect against hepatocyte damage and inhibit HSC activation for the treatment of liver fibrosis.

Schisandrin B (Sch B, [Figure 1A](#f1-dddt-11-2179){ref-type="fig"}), the main active ingredient of *Schisandra chinensis*, possesses diverse pharmacological activities such as antioxidative, anti-inflammatory, antitumor, and hepatoprotective properties.[@b20-dddt-11-2179]--[@b23-dddt-11-2179] Some studies have demonstrated that the extract of *S. chinensis* protected hepatocytes against CCl~4~- and acetaminophen-induced liver injury by the inhibition of CYP-mediated bioactivation and the regulation of the Nrf2-ARE, antioxidant response element (ARE) pathway.[@b24-dddt-11-2179]--[@b27-dddt-11-2179] Nuclear factor-erythroid 2-related factor 2 (Nrf2), a transcription factor that activates antioxidant response elements, protects a variety of tissues and cells against oxidative stress.[@b28-dddt-11-2179],[@b29-dddt-11-2179] In addition, other studies showed that Sch B inhibits TGF-β-mediated fibrotic signaling in A7r5 vascular smooth muscle cells and AML12 cells.[@b30-dddt-11-2179],[@b31-dddt-11-2179] All these findings implied that Sch B may protect hepatocyte against damage and suppress TGF-β-induced HSC activation, and could be used to treat liver fibrosis. However, the effect of Sch B on liver fibrosis has not been reported yet. Thus, the purpose of the present study was to investigate the protective effect and related molecular mechanism of Sch B against carbon tetrachloride (CCl~4~)-induced liver fibrosis in rats.

Materials and methods
=====================

Chemicals and reagents
----------------------

Sch B was purchased from the China pharmaceutical biological products analysis institute (Shanghai, China). CCl~4~ was purchased from Jiangsu Qiangsheng Chemical (Jiangsu, China). Monoclonal anti-p-Smad2/3 and Smad2/3 rabbit antibody were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Extracellular regulated protein kinases (ERK), p-ERK, P38, p-P38, c-Jun N-terminal kinase (JNK), p-JNK, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Monoclonal antibody against Nrf2 was purchased from Sangon Biotechnology (Shanghai, China). Secondary antibodies used in Western blot were IRDye^®^800CW antirabbit IgG (H+L) (LI-COR Biosciences, Lincoln, NE, USA) and IRDye800CW anti-mouse IgG (H+L) (LI-COR Biosciences).

Animals and experimental design
-------------------------------

Male Wistar rats weighing 150--200 g (Shanghai SLAC Laboratory Animal Center, Shanghai, China) were housed under appropriate conditions (25°C±2°C and 12-h light/dark cycle) with free access to water and food. All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the Animal Experimental Ethics Committee of the Second Military Medical University (Shanghai, China).

Experimental design was outlined in [Figure 1B](#f1-dddt-11-2179){ref-type="fig"}. The rats were randomly distributed into four groups (n=8 per group) as follows: 1) Sham control group, 2) Model group, 3) 25 mg/kg Sch B group (CCl~4~ + Sch B 25 mg/kg), and 4) 50 mg/kg Sch B group (CCl~4~ + Sch B 50 mg/kg). The model group was treated with CCl~4~ (50% CCl~4~/olive oil; 2 mL/kg) thrice a week for 8 weeks to induce liver fibrosis. In Sch B-treated group, the rats were administered CCl~4~ for 4 weeks and then administered Sch B at a dose of 25 or 50 mg/kg daily, respectively, together with CCl~4~ gavage for another 4 weeks. Equal volume of olive oil instead of CCl~4~ was given to rats by gavage as sham control.

At the end of the experiments, the animals were sacrificed. Serum was prepared and stored at −80°C until biochemical assay and the liver tissues were used for biochemistry analysis, real-time polymerase chain reaction (PCR), and Western blot.

ALT/AST assessment
------------------

Serum alanine transaminase (ALT) and aspartate transaminase (AST) were determined using a clinical automatic analyzer (Hitachi, Tokyo, Japan) and a commercial reagent kit (Roche Diagnostic, Mannheim, Germany) according to the manufacturer's protocol.

Hydroxyproline content determination
------------------------------------

Hepatic hydroxyproline content was measured with a hydroxyproline detection kit (JianCheng Institute of Biotechnology, NanJing, China) according to the manufacturer's protocol.

Histological assays
-------------------

Liver tissues were fixed in 10% formalin, paraffin-embedded, and sectioned. Liver sections were stained with hematoxylin/eosin (H&E) for histological examination. In addition, liver sections were stained with Sirius Red and Masson's trichrome stains to estimate liver fibrosis. All sections were imaged by microscope (Olympus, Tokyo, Japan). The degree of liver fibrosis was quantified by Image-Pro Plus 6.0 software.

Immunohistological staining of α-smooth muscle actin and p-Smad2/3
------------------------------------------------------------------

Immunohistological examinations were carried out to detect the expression of α-smooth muscle actin (α-SMA) and p-Smad2/3. Briefly, liver sections were deparaffinized and treated with 3% H~2~O~2~ to block endogenous peroxidase activity. Antigen retrieval was performed in citrate buffer. After cooling, sections were treated with 5% bovine serum albumin (BSA) to block nonspecific protein binding. The sections were incubated with α-SMA and p-Smad2/3 primary antibody overnight at 4°C. Finally, the sections were washed with phosphate-buffered saline, incubated with a biotinylated secondary antibody followed by an avidin--biotin--peroxidase complex, and finally stained with 3, 3′-diaminobenzidine (DAB).

Cell culture and treatment
--------------------------

Immortalized rat HSC lines (HSC-T6) were purchased from the Fuxiang Biological Co. Ltd (Shanghai, China). The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific; Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; Logan, UT, USA), 100 U/mL of penicillin (Thermo Fisher Scientific), and 100 μg/mL of streptomycin (Thermo Fisher Scientific) at 37°C with 5% CO~2~.

To evaluate the effect of Sch B on HSC proliferation, HSC-T6 cells were seeded in a 96-well plate with 100 μL (3×10^4^ cells/mL) per well and incubated for 24 hours before the addition of the stimulus. Cells were incubated for 12, 24, or 48 hours and treated with different concentrations of Sch B (5, 10, and 30 μM). The effects of Sch B on HSC viability were tested by CCK8 (CK04; Dojindo; Kumamoto, Japan) assay.

To evaluate the effect of Sch B on HSC activation, cells were serum-starved overnight and then treated with TGF-β (2 ng/mL) in the presence or absence of Sch B for 24 hours. At the end of cell culture, cells were collected for Western blot analysis.

Real-time PCR analysis
----------------------

Total RNA was extracted from the liver tissue using the TRI-zol reagent (15596026; Invitrogen) according to the standard protocol. The first-strand cDNA was synthesized by the PrimeScript RT reagent kit (\#6210A; Takara; Kusatsu, Japan), and the total RNA (2 μg) was used as a template. The target mRNA expression was quantified with the SYBER Green PCR Master Mix (\#RR420Q; Takara) using Step One Real-Time PCR System (Applied Biosystems, Warrington, UK). The conditions of real-time PCR analysis were as follows: 1) Holding stage: 95°C, 30 s; 2) Cycling Stage: 95°C, 5 s, 60°C, 34 s; 40 cycles; 3) Melt Curve Stage: 95°C, 15 s; 60°C, 1 min; 95°C, 15 s. GAPDH was amplified as reference genes. The primer sequences used in PCR are shown in [Table 1](#t1-dddt-11-2179){ref-type="table"}. The expression levels were measured in terms of the cycle threshold (Ct) and then normalized to GAPDH expression using the 2^−ΔΔCt^ method.

Western blot analysis
---------------------

Protein was extracted and quantified. Then, Western blotting assays were performed as previously described. The samples were then separated by sodium dodecyl sulfate (SDS)-polyacrylamide gels (10%) and then transferred onto nitrocellulose membranes (HATF00010; Merck Millipore; Darmstadt, Germany). After being blocked with 5% skim milk (232100; Becton, Dickinson and Company; Franklin Lakes, NJ, USA) for 2 hours, the membranes were incubated with primary antibodies at 4°C overnight and then with the secondary antibodies for 2 hours at room temperature. Protein expression was imaged by the Odyssey Infrared Imaging System (LI-COR Biosciences).

Statistical analysis
--------------------

Data are presented as the mean ± SEM. Differences between groups were determined by a two-tailed Student's *t*-test in GraphPad Prism 5. *P*\<0.05 was considered statistically significant.

Results
=======

Sch B protects against CCl~4~-induced liver injury
--------------------------------------------------

In this study, the protective effect of Sch B against long-term CCl~4~-induced liver injury in rats was examined. Severe liver injury was induced by CCl~4~ in rats, as indicated by the elevation of ALT/AST activities and histopathological analysis. As shown in [Figure 1C](#f1-dddt-11-2179){ref-type="fig"}, CCl~4~ significantly elevated ALT and AST to 197.50±26.21 U/L and 239.70±20.25 U/L, respectively. On the other hand, Sch B treatment significantly reduced the upregulation of ALT and AST levels as compared to the model group. In addition, liver weight to body weight ratio was slightly increased in the model group; however, it was decreased nearly to the normal value in the Sch B-treated groups ([Figure 1D](#f1-dddt-11-2179){ref-type="fig"}). Furthermore, histological examination by H&E staining was performed to confirm the protective effect of Sch B. In agreement with serum ALT/AST activities, the livers of CCl~4~-treated rats displayed a large area of inflammatory cell infiltration, hepatocyte ballooning degeneration, and necrosis. However, Sch B treatment effectively ameliorated pathological lesions induced by CCl~4~ ([Figure 1E](#f1-dddt-11-2179){ref-type="fig"}). Taken together, these results indicate that Sch B has a protective effect against long-term CCl~4~-induced liver injury in rats.

Sch B ameliorates CCl~4~-induced liver fibrosis in rats
-------------------------------------------------------

The collagen content of livers was detected to evaluate the effect of Sch B on liver fibrosis induced by CCl~4~ in rats. First, liver sections were stained by Sirius Red, which stains collagen fibers red. It was shown that the staining of collagen fiber in the CCl~4~-treated rats increased by 30-fold when compared with control rats. Interestingly, Sch B treatment markedly reduced collagen accumulation in the liver, with a 43% decrease in the 25 mg/kg group and a 58% decrease in the 50 mg/kg group. Similar results were also confirmed by Masson's trichrome staining ([Figure 2A and B](#f2-dddt-11-2179){ref-type="fig"}). Furthermore, the mRNA levels of *COL1A1* (encoding collagen-I) and *COL3A1* (encoding collagen-III) were markedly increased in CCl~4~-treated rats, but were downregulated in Sch B-treated rats ([Figure 2C](#f2-dddt-11-2179){ref-type="fig"}). Additionally, the expression of collagen-I was increased after CCl~4~ treatment, but treatment with Sch B decreased its expression ([Figure 2D and E](#f2-dddt-11-2179){ref-type="fig"}). Finally, hydroxyproline, the major component of collagen protein, was also decreased in the Sch B-treated rats ([Figure 2F](#f2-dddt-11-2179){ref-type="fig"}). All these results suggest that Sch B could ameliorate CCl~4~-induced liver fibrosis in vivo.

Sch B regulates CCl~4~-induced hepatic oxidative stress and Nrf2-ARE signaling pathway in vivo
----------------------------------------------------------------------------------------------

To investigate the effect of Sch B on liver oxidative stress caused by CCl~4~, the activities of malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH) and glutathione peroxidase (GSH-Px) were detected. After CCl~4~ treatment, the content of MDA was significantly elevated by 26.3% as compared to control rats, while the activities of GSH-Px and GSH were markedly reduced by 24.3% and 28.6%, respectively. Interestingly, these aberrant changes were partly reversed by Sch B treatment, suggesting that Sch B could block CCl~4~-induced oxidative liver damage ([Figure 3A--D](#f3-dddt-11-2179){ref-type="fig"}).

Since the Nrf2-ARE signaling pathway plays an important role in oxidative stress, we investigated whether Nrf2 signaling was activated when rats were treated with Sch B. The results showed that the expression level of nuclear Nrf2 was slightly increased in the CCl~4~-treated rats, but was markedly increased after Sch B treatment ([Figure 3E and F](#f3-dddt-11-2179){ref-type="fig"}). Furthermore, the expressions of Nrf2-related antioxidant genes (*GCLC*, *HO-1*, and *NQO1*) were detected by real-time PCR. Compared with the model group, the expressions of hepatic GCLC, HO-1, and NQO1 were significantly elevated in the Sch B-treated group ([Figure 3G](#f3-dddt-11-2179){ref-type="fig"}). These results revealed that Sch B could suppress CCl~4~-induced oxidative stress perhaps by regulating the Nrf2-ARE signaling pathway.

Sch B alleviates CCl~4~-induced inflammation
--------------------------------------------

Liver fibrosis is associated with inflammation response, so that the effect of Sch B on the expression of inflammatory cytokines induced by CCl~4~ was evaluated. Compared with the sham control group, the expressions of hepatic tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6 mRNA were significantly elevated after CCl~4~ treatment (*P*\<0.01), whereas these inflammatory cytokines were reduced after 25 or 50 mg/kg Sch B treatment ([Figure 4A--C](#f4-dddt-11-2179){ref-type="fig"}). In addition, the level of TGF-β1 was increased by more than 3-fold after CCl~4~ treatment in the model group, but Sch B treatment blocked this trend especially at the dose of 50 mg/kg in TGF-β1 level ([Figure 4D](#f4-dddt-11-2179){ref-type="fig"}).

Sch B suppresses TGF-β/Smad-mediated HSC activation to inhibit liver fibrosis
-----------------------------------------------------------------------------

To investigate the effect of Sch B on HSC activation, the expression level of α-SMA was measured to determine whether Sch B could inhibit HSC activation against liver fibrosis. As shown in [Figure 5A](#f5-dddt-11-2179){ref-type="fig"}, CCl~4~ treatment significantly increased α-SMA-positive cells in the liver as compared to the sham control group, confirming that HSCs were activated in the CCl~4~-induced liver fibrosis model. In contrast, α-SMA immunoreactive cells were largely decreased by treatment with Sch B. Furthermore, the expression of α-SMA in the liver was also detected by Western blot analysis. In agreement with immunohistochemical results, Sch B remarkably reduced the expression of α-SMA, suggesting that Sch B inhibited HSC activation in vivo.

After coming to know that the TGF-β/Smad signaling pathway plays an important role in HSC activation and liver fibrosis, the phosphorylation-Smad2/3 was investigated to explore whether Sch B could block the TGF-β/Smad signaling pathway to inhibit HSC activation in rats after CCl~4~-induced liver fibrosis. The results showed that the expression level of phosphorylation-Smad2/3 was significantly increased after treatment with CCl~4~. Moreover, the increase of p-Smad2/3 in CCl~4~-treated rats was attenuated by Sch B treatment ([Figure 5B and C](#f5-dddt-11-2179){ref-type="fig"}). These findings indicated that Sch B treatment might prevent HSC activation during CCl~4~-induced liver fibrosis by inhibiting the TGF-β/Smad signaling pathway.

Sch B inhibits the activation of HSCs in vitro
----------------------------------------------

As Sch B treatment ameliorates liver fibrosis induced by CCl~4~ in rats, the ability of Sch B on HSC proliferation and activation was further assessed in vitro. HSC-T6 cells were treated with various concentrations of Sch B for 12, 24, and 48 hours, and cell viability was measured by CCK8. As shown in [Figure 6A and B](#f6-dddt-11-2179){ref-type="fig"}, the results suggested that Sch B did not markedly inhibit HSC-T6 cell proliferation.

Activation of HSCs is responsible for the collagen synthesis and deposition in the liver, so that the effect of Sch B on HSC activation was examined. HSC-T6 cells were treated with TGF-β1 for 24 hours after serum starvation. Consistent with previous studies, TGF-β1 (2 ng/mL) significantly increased HSC activation, as indicated by an increase in the expression of α-SMA and collagen I. However, the levels of α-SMA and collagen I were decreased after Sch B treatment, suggesting that Sch B could inhibit TGF-β1-induced HSC activation ([Figure 6C and D](#f6-dddt-11-2179){ref-type="fig"}).

Sch B inhibits TGF-β-mediated Smad and MAPK signaling molecules
---------------------------------------------------------------

To further explore the intracellular molecular mechanism, the phosphorylation level of Smad2/3 was examined. As shown in [Figure 7A and B](#f7-dddt-11-2179){ref-type="fig"}, TGF-β induced a strong increase of Smad2/3 phosphorylation in HSC-T6 cells. In contrast, Sch B decreased the expression of phosphorylated Smad2/3 induced by TGF-β. In addition, the ratio of p-Smad/total Smad confirmed that the induction of Smad2/3 phosphorylation by TGF-β was attenuated by Sch B treatment. Due to the fact that TGF-β also activates MAPK signaling, we investigated whether Sch B could inhibit TGF-β-mediated MAPK signaling. As shown in [Figure 7C and D](#f7-dddt-11-2179){ref-type="fig"}, TGF-β stimulated the phosphorylation of ERK, p38, and JNK in HSC-T6 cells. Interestingly, Sch B inhibited the phosphorylation of p38, ERK, and JNK. These results indicated that Sch B effectively blocked TGF-β signaling via the inhibition of Smad and MAPK signaling molecules.

Discussion
==========

In this study, we demonstrated that Sch B could effectively ameliorate CCl~4~-induced liver fibrosis in rats and inhibit TGF-β-induced HSC activation in vitro. To assess the effect of Sch B on liver fibrosis, the collagen content in the liver was detected by various methods. First, Sirius Red and Masson staining results suggested that severe liver fibrosis was induced by CCl~4~ in rats, as revealed by extensive bridging fibrosis with substantial collagen deposition in the CCl~4~-treated rats as compared to sham control rats. However, fibrosis area was reduced in the Sch B-treated group, suggesting that Sch B could attenuate CCl~4~-induced liver fibrosis in rats. Furthermore, the expression level of collagen I protein and the mRNA levels of collagen I and collagen III were measured by Western blotting and real-time PCR, respectively. The results showed that Sch B suppressed CCl~4~-induced accumulation of collagen in rats, suggesting that Sch B has the ability to attenuate liver fibrosis. Finally, total collagen was measured by hydroxyproline content, and the results showed that Sch B markedly reduced the hydroxyproline content. Taken together, all results suggest that Sch B ameliorates CCl~4~-induced liver fibrosis in vivo.

Hepatocyte, the main cell type in the liver, is critical for the maintenance of liver homeostasis.[@b32-dddt-11-2179] Hepatocyte damage promotes the secretion of inflammatory and profibrogenic cytokines and directly promotes HSC activation, so hepatocyte damage is also the initial factor in the development of liver fibrosis.[@b33-dddt-11-2179],[@b34-dddt-11-2179] Many studies have demonstrated that Sch B could protect against CCl~4~-induced acute liver injury.[@b26-dddt-11-2179],[@b35-dddt-11-2179],[@b36-dddt-11-2179] In this study, the effect of Sch B on liver function was also examined. Consistent with previous studies, Sch B improves liver function, as evidenced by lower-serum ALT/AST levels and histopathological analysis. These results indicate that Sch B strongly protects hepatocytes, which offers a primary therapeutic advantage of Sch B, since it could improve hepatocyte integrity. It is well known that oxidative stress is a major contributor to hepatocyte death in the progression of liver fibrosis.[@b37-dddt-11-2179]--[@b39-dddt-11-2179] Many studies have demonstrated that Sch B exerts its beneficial effects through attenuating the oxidative stress.[@b26-dddt-11-2179],[@b40-dddt-11-2179],[@b41-dddt-11-2179] In this study, CCl~4~ treatment significantly increased lipid peroxides as confirmed by elevation in MDA levels, accompanied by a significant depletion in liver GSH levels and GSH-Px activity. In agreement with previous studies, our results also demonstrated that Sch B effectively inhibited lipid peroxidation and enhanced the antioxidant capacity as evidenced by decreased MDA, and increased GSH, GSH-Px activity. These results indicated that Sch B could inhibit oxidative stress and protect against hepatocyte damage induced by CCl~4~.

How does Sch B inhibit CCl~4~-induced oxidative stress? Oxidative stress has been defined as an imbalance between reactive oxygen species generation and its clearance by antioxidants. CCl~4~ is known to be metabolized to trichloromethyl free radicals (CCl3) by cytochrome P450 enzymes and these free radicals may attack intracellular nucleic acid, protein, and lipid, ultimately leading to hepatocyte oxidative damage and death.[@b42-dddt-11-2179] Several studies showed that Sch B could inhibit oxidative stress-mediated liver injury by inhibiting CYP450 enzymes.[@b43-dddt-11-2179]--[@b45-dddt-11-2179] Nrf2 is famous for a transcription factor that regulates the expression of various antioxidant genes in the cellular defense against oxidative stress. Upon stimulation, Nrf2 translocates from cytosol to nucleus, binds to ARE, induces the expression of antioxidant genes, and protects against oxidative damage. Importantly, recent studies have found that Nrf2 activators dramatically inhibited liver fibrosis, and Nrf2-null mice were more susceptible to liver fibrosis as compared to wild-type mice, suggesting that Nrf2 is a potential target to treat liver fibrosis.[@b46-dddt-11-2179]--[@b49-dddt-11-2179] Interestingly, several studies have revealed that Sch B exhibited anti-inflammatory and antioxidant activities by activating Nrf2 pathways.[@b50-dddt-11-2179],[@b51-dddt-11-2179] In addition, recent reports also showed that *S. chinensis* extract and Sch B could activate Nrf2 reporter gene and induce the expression of HO-1 and NQO1.[@b52-dddt-11-2179] However, whether Sch B activates Nrf2-ARE signaling against liver fibrosis has not been studied. In the current study, Sch B markedly increased the expression level of nuclear Nrf2 as compared to the model group. Furthermore, the expression of Nrf2-target genes *GCLc*, *HO-1*, and *NQO1* was increased in the Sch B-treated group. These results indicated that Sch B protects against liver fibrosis perhaps by activating the Nrf2-ARE pathway to inhibit oxidative stress-mediated hepatocyte damage in the rats with liver fibrosis.

Hepatocyte damage and death accompany inflammatory response. In our study, CCl~4~ increased the number of infiltrating inflammatory cells in the liver, and this was blocked by Sch B treatment. Furthermore, inflammatory cytokines were detected to assess the effect of Sch B on inflammation by real-time PCR. Our results also demonstrated that the mRNA levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 were significantly increased after CCl~4~ treatment, which were attenuated by Sch B treatment in rats with CCl~4~-induced liver fibrosis. These results have shown that Sch B exerts antioxidant and anti-inflammation effects on CCl~4~-induced liver injury in the liver. But further studies are still necessary to explore the antifibrotic mechanism of Sch B with a focus on HSCs.

Activated HSCs are the major producers of ECM in liver fibrosis, and have been considered as an attractive target for antifibrotic therapy.[@b5-dddt-11-2179],[@b53-dddt-11-2179] In the healthy liver, HSCs are quiescent and located in the space of Disse. Liver injuries sensitize HSCs to paracrine stimuli, which ultimately activate HSCs and trans-differentiate into myofibroblasts.[@b54-dddt-11-2179] In the present study, our results clearly demonstrated that Sch B treatment significantly reduced the number of hepatic myofibroblasts, as shown by decreased α-SMA-positive cells in the CCl~4~-treated rats. A similar result was also confirmed by Western blot. These results suggest that Sch B inhibits HSC activation. HSCs are activated by several cytokines, and TGF-β is considered as the most potent profibrogenic cytokine in the development of liver fibrosis. Furthermore, we studied the effect of Sch B on the activation of HSCs in vitro. Consistent with previous studies, HSCs was activated by 2 ng/mL TGF-β1, as evidenced by increasing the expression of α-SMA and collagen-I proteins. Furthermore, in line with the results of animal experimental, these changes induced by TGF-β1 were reduced by Sch B. The results revealed that Sch B could inhibit HSC activation in vivo and in vitro, suggesting that Sch B prevents CCl~4~-induced liver fibrosis perhaps by inhibiting HSC activation.

TGF-β is a pleiotropic cytokine with key roles in cell proliferation and differentiation, which has three isoforms (TGF-β1, TGF-β2, and TGF-β3).[@b55-dddt-11-2179] Among them, TGF-β1 is the principal isoform involved in the development of liver fibrosis.[@b10-dddt-11-2179] TGFβ1 binds to the cognate receptor on the cell membrane and subsequently recruits Smad2 and Smad3. Smad complexes translocate from the cytoplasm to the nucleus, where they act as transcription factors and regulate target gene expression.[@b12-dddt-11-2179],[@b56-dddt-11-2179] In the study, phosphorylation-Smad2/3 was significantly increased after treatment with CCl~4~ and TGF-β1. Importantly, Sch B inhibits Smad2/3 phosphorylation in vivo and in vitro. In addition, TGF-β also activates other signaling pathways in HSC, such as MAPK pathways. It is reported that the p38 MAPK signaling pathway is involved in HSC activation and collagen synthesis.[@b13-dddt-11-2179],[@b29-dddt-11-2179] Our results also showed that Sch B reduced the expression of p-ERK, p-p38, and p-JNK. These data suggest that the antifibrotic effect of Sch B is associated with the inhibition of TGF-β signaling pathways.

Conclusion
==========

In conclusion, this study clearly demonstrated that Sch B attenuated the development of liver fibrosis through multiple mechanisms ([Figure 8](#f8-dddt-11-2179){ref-type="fig"}). First, Sch B activates Nrf2-ARE pathway to inhibit oxidative stress-mediated hepatocyte damage and death. Furthermore, it is reasonable to assume that Sch B suppressed the TGF-β/Smad signaling pathway to inhibit HSC activation. These results suggest that Sch B has the potential for the effective treatment of liver fibrosis and provide a novel cellular mechanism for its antifibrotic effects. However, the effects of Sch B on liver fibrosis induced by a different in the future.
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![Sch B protects against CCl~4~-induced liver injury.\
**Notes:** (**A**) The structure of Schisandrin B (Sch B). (**B**) The experimental design scheme. (**C**) Serum ALT and AST activities. (**D**) Liver weight to body weight ratio. (**E**) H&E staining of liver sections (Scale bar: 100 and 50 μm; original magnification, ×50 and ×100). Data are expressed as the mean ± SEM (n=8). ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** CCl~4~, carbon tetrachloride; d, days; w, weeks; ALT, alanine transaminase; AST, aspartate transaminase.](dddt-11-2179Fig1){#f1-dddt-11-2179}

![Sch B ameliorates CCl~4~-induced liver fibrosis in rats.\
**Notes:** (**A**, **B**) Liver fibrosis assessed by Sirius Red and Masson. (**C**) The mRNA levels of *COL1A1* and *COL3A1*. (**D**) Western blot analysis of collagen-I. (**E**) Densitometric analysis of Western blots. (**F**) Hydroxyproline content in rat livers. Data are expressed as the mean ± SEM (n=8). ^\#\#\#^*P*\<0.001 and ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** CCl~4~, carbon tetrachloride; Sch B, schisandrin B; Hyp, hydroxyproline.](dddt-11-2179Fig2){#f2-dddt-11-2179}

![Sch B regulates CCl~4~-induced hepatic oxidative stress and Nrf2-ARE signaling pathway in vivo.\
**Notes:** (**A**) Lipid peroxidation MDA. (**B**) Liver GSH-Px activities. (**C**) Antioxidant enzyme SOD. (**D**) Liver GSH levels. (**E**) Western blot analysis of Nrf2 levels in the liver. (**F**) Densitometric analysis of Western blots. (**G**) The mRNA levels of GCLc, HO-1, and NQO1. Data are expressed as the mean ± SEM. ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** ARE, antioxidant response element; CCl~4~, carbon tetrachloride; Nrf2, nuclear factor-erythroid 2-related factor 2; Sch B, schisandrin B; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-Px, glutathione peroxidase.](dddt-11-2179Fig3){#f3-dddt-11-2179}

![Sch B alleviates CCl~4~-induced inflammatory response.\
**Notes:** (**A**) Relative mRNA levels of TNF-α. (**B**) Relative mRNA levels of IL-1β. (**C**) Relative mRNA levels of IL-6. (**D**) Relative mRNA levels of TGF-β1. Data are expressed as the mean ± SEM (n=6). ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** CCl~4~, carbon tetrachloride; IL-6, interleukin-6; TGF-β, transforming growth factor-β; TNF-α, tumor necrosis factor-α; Sch B, schisandrin B.](dddt-11-2179Fig4){#f4-dddt-11-2179}

![Sch B suppresses HSC activation and TGF-β/Smad signaling in CCl~4~-induced liver fibrosis.\
**Notes:** (**A**) Immunohistochemistry staining of α-SMA and p-Smad2/3 in the liver tissues, the sections were photographed at Scale bar: 100 μm; original magnification: ×50; (**B**) Effects of Sch B on the expression of α-SMA, p-Smad2/3, and Smad2/3 in the liver tissues were measured by Western blot analysis; (**C**) Densitometric analysis of Western Blots. Data are expressed as the mean ± SEM. ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** CCl~4~, carbon tetrachloride; HSC, hepatic stellate cell; TGF-β, transforming growth factor β; Sch B, schisandrin B.](dddt-11-2179Fig5){#f5-dddt-11-2179}

![Sch B inhibits the TGF-β1-induced HSC activation in vitro.\
**Notes:** (**A**, **B**) Effects of Sch B on HSC-T6 cells viability. Cell viability was assessed by CCK8 assay; (**C**) Effects of Sch B on TGF-β1-induced HSC activation as assessed by α-SMA and collagen I expression; (**D**) Densitometric analysis of Western Blots. Data are expressed as the mean ± SEM. ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** α-SMA, α-smooth muscle actin; HSC, hepatic stellate cell; TGF-β, transforming growth factor-β; Sch B, schisandrin B.](dddt-11-2179Fig6){#f6-dddt-11-2179}

![Sch B inhibits TGF-β-mediated Smad and MAPK signaling molecules in vitro.\
**Notes:** (**A**, **B**) The expression of p-Smad2 and p-Smad3 was assessed by Western blot, and the densitometric analysis of Western blots. (**C**, **D**) Western blot analysis of p-p38, p38, p-ERK, ERK, p-JNK, and JNK in HSCs, and the densitometric analysis of Western blots. Data are expressed as the mean ± SEM. ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 versus control group. \**P*\<0.05 and \*\**P*\<0.01 versus model group.\
**Abbreviations:** HSCs, hepatic stellate cells; MAPK, mitogen-activated protein kinases; TGF-β, transforming growth factor-β; Sch B, schisandrin B.](dddt-11-2179Fig7){#f7-dddt-11-2179}

![A diagram shows the possible mechanisms of Sch B against CCl~4~-induced liver fibrosis in rats.\
**Abbreviations:** ARE, antioxidant response element; CCl~4~, carbon tetrachloride; Nrf2, nuclear factor-erythroid 2-related factor 2; Sch B, schisandrin B.](dddt-11-2179Fig8){#f8-dddt-11-2179}

###### 

Primer sequences for real-time PCR assay

  Gene       Forward primer (5′--3′)     Reverse primer (5′--3′)
  ---------- --------------------------- --------------------------
  *Col1A1*   GAGTGAGGCCACGCATGA          AGCCGGAGGTCCACAAAG
  *Col3A1*   TTTGGCACAGCAGTCCAATGTA      GACAGATCCCGAGTCGCAGA
  *TNF-α*    TCAGTTCCATGGCCCAGAC         GTTGTCTTTGAGATCCATGCCATT
  *IL1-β*    CCCTGAACTCAACTGTGAAATAGCA   CCCAAGTCAAGGGCTTGGAA
  *IL-6*     ATTGTATGAACAGCGATGATGCAC    CCAGGTAGAAACGGAACTCCAGA
  *TGF-β1*   ATTCCTGGCGTTACCTTGG         AGCCCTGTATTCCGTCTCCT
  *GCLc*     GGGGTGACGAGGTGGAGTA         AAGCCGAGAATGCTGAGTTCA
  *HO-1*     AAGCCGAGAATGCTGAGTTCA       GCCGTGTAGATATGGTACAAGGA
  *NQO-1*    ATGGGAGGTGGTCGAATCTGA       GCCTTCCTTATACGCCAGAGATG
  *GAPDH*    GACAACTTTGGCATCGTGGA        ATGCAGGGATGATGTTCTGG

**Abbreviation:** PCR, polymerase chain reaction.
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